Abstract: Nowadays microwave radiation is being researched to produce biodiesel from different raw materials due to the many advantages that this technology presents compared to traditional transesterification, such as shorter reaction times and less amount of heat energy to obtain biodiesel. The aim of this research was to explore the possibility of carrying out the microwave-assisted transesterification of macroalgae and compare the results with the traditional transesterification. For that reason, some experiences were conducted using sunflower oil and macroalgae as raw material. Based on the obtained results, the best conditions for microwave-assisted transesterification reaction were macroalgae to methanol ratio of 1:15 (wt/vol), sodium hydroxide concentration of 2 wt % and reaction time of 3 min.
Introduction
Biodiesel is a diesel-equivalent biofuel made from renewable biological materials such as vegetable oils or animal fats. This biofuel has gained importance as an alternative energy source due to different reasons: the increase in the petroleum price and the necessity to decrease the pollution causes by the combustion of conventional diesel. Moreover, biodiesel has environmental advantages, such as low OPEN ACCESS levels of carbon dioxide and monoxide emissions, low toxicity and it is biodegradable [1] . Its main characteristic is that biodiesel has similar propertied to conventional diesel, such as viscosity, cetane number, energy content, etc. Furthermore, it is possible to blend in any proportion with petroleum-derived diesel. For these reasons, biodiesel is one of the most common biofuels in the world.
Biodiesel, which is a mixture of fatty acid methyl esters (FAME), can be obtained by four methods: transesterification, pyrolysis, microemulsions and direct use and blending of raw oils [2] . Direct use is not suitable due to the high viscosity and low volatility of vegetable oils and animal fats. Pyrolysis, defined as the cleavage to smaller molecules by thermal energy, of vegetable oils over catalysts has been investigated [3, 4] . However, it is a complicated process and produce side products without commercial value. Microemulsions with alcohols have been prepared to overcome the problem of high viscosity of vegetable oils. The most commonly used method is transesterification reaction in presence of a catalyst.
Transesterification is the reaction of an oil with an alcohol to obtain esters and glycerol. This reaction can be carried out in absence or presence of a catalyst. It is a reversible reaction, thus it is necessary to use an excess of alcohol to shift the equilibrium to the product side. The reaction occurs in three steps: (1) the conversion of triglycerides of diglycerides; (2) the conversion of higher glycerides to lower glycerides; (3) the conversion to glycerol.
Vegetable oils or animal fats are the most used raw material for biodiesel production. However, recently other raw materials, such as plants (jatropha, castor, neem, karanja and pongamia), macroalgae or microalgae are being considered as a promising alternative and renewable source for biodiesel production [5] . But the cultivation of some alternative raw materials requires huge land. Due to this, the use of macroalgae for biodiesel production has certain advantages compared to other energy crops: (a) their higher photosynthetic activity with respect to terrestrial plants; (b) the easy adaptability to different growing conditions; (c) the possibility of growing either in fresh-waters or marine-waters, avoiding the use of land; (d) macroalgae can also produce valuable co-products such as pellets, omega-3 fatty acids and several metabolites of economic interest (vitamins, poly unsaturated fatty acids, etc.). Moreover, from an environmental point of view, the use of macroalgae as raw material for biodiesel production gives a solution to the treatment of a waste collected in the beaches.
In the algae biodiesel production process, it is necessary to extract the oil by crushing followed by solvent extraction. However, the use of solvent for extraction may involve expensive separation process. Recently, different authors have reported the biodiesel production via direct transesterification of raw oleaginous materials [6] [7] [8] . Direct transesterification can be carried out using homogeneous (acid or base) catalysts [9] . An alternative to direct transesterification is the microwave-assisted reaction [10] . Many authors [11, 12] are investigating the use of microwave radiation on biodiesel production. These studies indicate that the use of microwave irradiation could reduce reaction times significantly as well as improve product yields under atmospheric conditions. It is due to the fact that microwave irradiation activates the smallest degree of variance of polar molecules and ions such as alcohol with the continuously changing magnetic field. The changing electrical field, which interacts with the molecular dipoles and charged ion, causes these molecules or ions to have a rapid rotation and heat, is generated due to molecular friction. For that, the preparation of biodiesel using microwave could offer a fast, easy route to this valuable biofuel with advantages of a short reaction time, a low oil/methanol ratio, an ease of operation, a drastic reduction in the quantity of by-products, and all with reduced energy consumption [13] .
In the current work, the effect microwave irradiation on the direct base-catalyzed transesterification of dry algal biomass has been analyzed. Sunflower vegetable oil is used to establish the operation conditions. Three marine macroalgae (Chondrus crispus, Himanthalia elongata, Undaris pinnatifida) are used as solid raw material for direct base-catalyzed transesterification. Aditionally, the conventional transesterification method is compared with the microwave-assisted transesterification method.
Theory of Transesterification

Basic Transesterification
The transesterification reaction involves the replacement of the alkyl group of an ester by another through interaction of the ester and alcohol. Generally, this reaction is catalyzed by a base or an acid catalyst. The basic catalysts are the most common since the process is faster and the reaction conditions are moderated. Figure 1 shows the base catalysis mechanism for triglycerides using alkali hydroxide as catalyst [14] . The first step (1) is a catalytic reaction with alcohol, producing an alkoxide. The nucleophilic attack of the alkoxide to the carbonyl group of the triglyceride generates a tetrahedral intermediate compound (2) from which the alkyl ester is formed and the corresponding anion of triglyceride (3) . Finally, the catalyst is deionized, resulting in the regeneration of the active compound (4), which allows that it can react with a new molecule of alcohol, beginning a new catalytic cycle. In the notation used, B is the base catalyst, R1, R2 and R3 are the carbonyl groups of fatty acids and R is the functional group of alcohol. 
Microwave Transesterification
The mechanism of base-catalyzed microwave transesterification is shown in Figure 2 . This mechanism involves three steps: (1) the attack of the alkoxide ion to the carbonyl carbon of the triglyceride molecule which results in the formation of a tetrahedral intermediate; (2) the alkoxide production by the reaction of the intermediate with an alcohol; (3) the rearrangement of the tetrahedral intermediate gives rise to an ester and a diglyceride. Similarly, diglyceride is transesterified to form methyl ester and monoglyceride is converted further to methyl ester and glycerol [15] . In the notation used, B is the base catalyst, R" is the glyceride, R' is the carbon chain of fatty acid and R is the alkyl group of the alcohol. 
Experimental Section
Characteristics of Algal Species
Three marine macroalgae were used in this research: Chondrus crispus, Himanthalia elongata, Undaria pinnatifida. The major elements of these algae and their approximate composition are shown in Table 1 . 
Experimental Procedure
Once the different marine species of macroalgae found on the Galician coast have been characterized, the triglycerides transesterification from macroalgae oil can be carried out. The process selected for the transesterification is the alkaline catalysis transesterification. The novelty of this work is that the oil extraction step before the reaction is eliminated, since both extraction and reaction of the macroalgae oil are performed simultaneously in the reactor by means of in situ transesterification by traditional method and by microwave method. The schematic diagram of the process is shown in Figure 3 .
The experiments were carried out using sunflower oil and macroalgae as raw material. In this research, the objective was compared both methods, by determined optimal conditions of transterification using microwave irradiation. In any cases, the objective of this research was not to obtain biodiesel.
First, comparative experiences of sunflower oil transesterification using both methods were carried out. In both methods, a molar ratio of oil to methanol of 1:6 and a catalyst concentration of 1 wt % were used. The basic transesterification, was conducted at 60 °C for 5 h with constant stirring. For the microwave transesterification, the sunflower oil was subjected to the microwave irradiation using a domestic oven with a power of 800 W under different reaction times of 1, 3 and 6 min.
Then, the transesterification of macroalgae was carried out. For the basic transesterification, the dry macroalgae were mixed with methanol and introduced in a thermostated reactor. Two dry macroalgae to methanol (wt/vol) ratios were used: 1:12 and 1:15 and a catalyst concentration of 2 wt %. Reaction was conducted at 60 °C for 5 h with constant stirring. For the microwave transesterification, the solid macroalgae was subjected to the microwave irradiation with a power of 800 W under a matrix of conditions: reaction times of 1, 3 and 6 min; dry macroalgae to methanol (wt/vol) ratios 1:12 and 1:15; and catalyst concentration of 2 wt %. After the reaction, the mixture was cooled to room temperature. In the case of macroalge, the solid phase was separated by filtration using a Buchner funnel under vacuum. Then, the liquid phases were separated using a decantation funnel. Then, the upper organic layer was washed twice with hot water (20 mL). Finally, the fatty acid methyl esters (FAME) composition was analyzed by gas chromatography [5] .
Results and Discussion
The main objective of this research was to explore the possibility of conducting the transesterification of macroalgae using the microwave radiation. In order to check the reproducibility of basic transesterification using microwave transesterification, experiences were conducted using sunflower oil as raw material. After accomplishing this step, the transesterification of macroalgae was carried out for both methods with the aim to compare the obtained results.
Comparison of Transesterification Methods
Sunflower was used to compare both methods since this reaction is widely studied and simplified the process due to the fact that it is a liquid raw material. The comparison of transesterification methods: basic and microwave irradiation is shown in Figure 4 . It can be observed that using microwave transesterification during 3 min shows similar results that the traditional transesterification during 5 h. These results reveal the importance of microwave irradiation in accelerating the transesterification reaction. Figure 4 . FAME yield of the sunflower oil using both methods.
Comparing the obtained results using microwave irradiation, it can be said that the best FAME yield is obtained for 1 min. If the reaction time is increased, a decrease in FAME yield is observed. The most accepted interpretation of this result is that the exceeded time favours the equilibrium in the reverse direction. This finding was also observed by other authors [16] . These authors attributing this decrease in yield after exceeding the optimum time to cracking followed by oxidizing of the formed fatty acid methyl esters to aldehydes, ketones and lower chained organic fractions but this phenomenon could be excluded because the GC results do not show peaks of oxygenated compounds [16] . The macroalgae oil oxidation produces a series of breakdown in stages, starting with primary oxidation products (free fatty acids), then secondary oxidation (aldehydes, ketones) and finally tertiary oxidation. In our study, due to the reduced reaction time, only primary and secondary oxidation may have been reached.
Considering the obtained results, the macroalgae transesterification using microwave radiation was carried out at 1 and 3 min. The value of 6 min was rejected since the FAME % presented the lowest value.
Transesterification of Macroalgae
Different test were carried out to analyze the effect of different process parameters namely algae to methanol (wt/vol) ratio and reaction time using microwave irradiation on the FAME content. Moreover, these results were also compared with the traditional transesterification. Figure 5 shows the tendency of the obtained results for three macroalgae when the reaction time is varied in simultaneous extraction and transesterification. The reaction time has significant effect on the FAME content. The fact of using macroalgae as raw material requires higher reaction times [17] , since it is necessary provide sufficient interaction of the reactant mixture to carry out the extraction and transesterification reaction. It can be concluded that using microwave transesterification implies a time saving process (3 min against 300 min) since the best reaction time is for microwave irradiation at 3 min. This result is different to the previous obtained for the sunflower oil where the higher FAME % was obtained at 1 min. It must be taken into account that the sunflower oil is a liquid raw material while the macroalgae is solid. Therefore, lower reaction times do not provide sufficient interaction of the reactant mixture as the microwave effect is twofold in the extraction and transesterification reaction. Thermal effect caused by the microwaves increases the extractive properties of methanol to extract the oils from the algal biomass in suspension (diffusive extraction) and extended microwave effect causes the penetration through the cell walls and forces out the oils into the solvent mixture (disruptive extraction). Furthermore, it can be observed in Figure 5 that the lowest FAME content is obtained for the Chondrus crisprus. The justification of this finding could be that this macroalgae is harder and more fibrous. Figure 6 shows the effect of methanol on the microwave transesterification (3 min) is significant with increasing macroalgae to methanol ratios for three macroalgae. It is observed that the FAME % increases with the amount of methanol. Too low quantities of methanol are not suitable for the reaction as methanol is used in the reaction both as a solvent and a reactant. Hence, sufficient amount of methanol ratio is required to further drive the transesterification reaction which is determined to be 1:15 (wt/vol). The necessity of this excess of methanol is due to the methanol acts both as a solvent for extraction of the algal oils/lipids [18] as well as the reactant for transesterification of esters. When microwave radiation is used, methanol absorbs microwave radiation. It is due to the fact that its dipole quickly is reorientated in those conditions. This provokes the destroyment of structure of interface of methanol and oil extracted from the macroalgae [19] . For this reason, the solubility of methanol and algal oil is improved under microwave irradiation, to the advantage of the transesterification reaction [18] . Figure 6 . Effect of macroalgae to methanol ratio (wt/vol).
Conclusions
The transesterification using microwave irradiation reduces significantly the reaction time. Moreover, the reaction time depends on the type of raw material both microwave and traditional transesterification. From this research, it can be concluded that the best process conditions for microwave-assisted transesterification reaction are: macroalgae to methanol ratio of 1:15 (wt/vol), NaOH concentration of 2 wt % and the reaction time of 3 min. Future work must be performed to optimize the biodiesel yield and analyze the percentage conversion from acyl-glycerides to free fatty acid.
